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ABSTRACT 

A new type of compact stellar systems, labelled "ultra-compact dwarf galaxies" (UCDs), was dis- 
covered in the last decade. Recent studies show that their dynamical mass-to-light ratios (M/L) tend 
to be too high to be explained by canonical stellar populations, being on average about twice as large 
as those of Galactic globular clusters of comparable metallicity. If this offset is caused by dark matter 
in UCDs, it would imply dark matter densities as expected for the centers of cuspy dark matter halos, 
incompatible with cored dark matter profiles. Investigating the nature of the high M/L ratios in 
UCDs therefore offers important constraints on the phase space properties of dark matter particles. 
Here we describe an observational method to test whether a bottom-heavy IMF may cause the high 
M/L ratios of UCDs. We propose to use the CO index at 2.3/xm - which is sensitive to the presence of 
low- mass stars - to test for a bottom heavy IMF. In the case that the high M/L ratios are caused by 
a bottom-heavy IMF, we show that the equivalent width of the CO index will be up to 30% weaker 
in UCDs compared to sources with similar metallicity that have canonical IMFs. We find that these 
effects are well detectable with current astronomical facilities in a reasonable amount of time (a few 
hours to nights). Measuring the CO index of UCDs hence appears a promising tool to investigate the 
origin of their high M/L ratios. 

Subject headings: galaxies: clusters: individual: Virgo - galaxies: dwarf - galaxies: fundamental 
parameters - galaxies: nuclei - globular clusters: general 

1. INTRODUCTION 



Within the last decade, a new class of compact stel- 
lar systems has been discovered: the so-called "ultra- 
compact dwarf galaxies" (UCDs, Phillips et al. 2001; see 
also Hilker et al. 1999; Drinkwater et al. 2000 & 2003; 
Mieske et al. 2004, 2006, 2007; Hasegan et al. 2005). 
UCDs are characterised by old stellar populations, ab- 
solute magnitudes —11 > My > —13.5 mag, half-light 
radii 15 < r h /pc < 100 and masses 3 x 10 6 < M/M Q < 
10 s . Hence they are larger, brighter and more massive 
than the biggest Milky Way globular clusters (GCs), but 
at the same time significantly more compact than typical 
dwarf galaxies of comparable luminosity. 

There are three main hypotheses on the origin of 
UCDs: 1. They are remnant nuclei of tidally stripped 
dwarf galaxies (Zinnecker et al. 1988; Bassino et al. 
1994; Bekki et al. 2003). 2. UCDs are merged star 
cluster complexes created in galaxy mergers (Fellhauer 
& Kroupa 2002 and 2005). 3. UCDs are genuine com- 
pact dwarf galaxies originating from small-scale peaks in 
the primordial dark matter power spectrum (Drinkwater 
et al. 2004). In the latter case, UCDs may be expected 
to still be dark matter dominated. 

2. HIGH M/L RATIOS OF UCDs 

A powerful way to investigate the nature of UCDs is 
to measure their dynamical mass-to-light ratios (M/L). 
Contrasting the measurements with predictions from 
stellar population models, one can estimate the amount 
of unseen mass in UCDs, potentially constraining their 
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Fig. 1. — This plot shows the mass of compact stellar systems 
plotted vs. their dynamical mass-to-light ratio M./Ly. The plot 
covers the mass range from low-mass globular clusters up to the 
most massive UCDs. The vertical dashed line indicates the ap- 
proximate mass 2x10 6 Mq where the relaxation time equals one 
Hubble time (see text and Dabringhausen et al. 2008). Black 
dots are Milky Way globular clusters from McLaughlin & van der 
Marel (2005). Filled red circles are Virgo UCDs from Ha§egan et 
al. (2005). Open red circles are Virgo UCDs from Evstigneeva et 
al. (2007). Yellow filled circles are compact objects in Centaurus 
A from Rejkuba et al. (2007). Filled green dots are Fornax UCDs 
from Hilker et al. (2007). 

formation scenarios. In the Virgo cluster, Ha§egan et al. 
(2005) have found several UCDs with M/L ratios well 
above the ranges predicted by stellar population mod- 
els that assume a canonical IMF (Kroupa or Chabrier). 
Evstigneeva et al. (2007) investigate a disjunct sample 
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TABLE 1 

Parameters of the exponential fit (see equation [TJ to the 

RELATION OF M/L AS f([Fe/H]) FOR A 13 GYR POPULATION WITH 
A CANONICAL IMF, SHOWN FOR THE TWO SETS OF LITERATURE 
MODELS. 



Model 


a b c 


Bruzual & Chariot (2003) 
Maraston (2005) 


1.98 1.245 1.72 
3.21 0.739 1.29 



of 6 Virgo UCDs and find that within the errors, their 
M/L ratios are compatible with canonical SSP models. 
Hilker et al. (2007) study the internal dynamics of 5 
Fornax UCDs and the 6 Virgo UCDs from Evstigneeva 
et al. (2007). They arrive to the conclusion that the 
UCD M/L ratios tend to be above predictions from SSP 
models assuming a canonical Kroupa or Chabrier IMF, 
but are consistent with a Salpeter IMF, which is charac- 
terised by being more bottom-heavy than the canonical 
IMF (Kroupa 2001). 

In Fig. [1] we plot the available literature M/Ly mea- 
surements for compact stellar systems vs. their mass, 
ranging from low-mass globular clusters up to the most 
massive UCDs. This sample spans a mass range of 4 
decades. Clearly, starting at a mass of ~2xl0 6 M Q , the 
data show a trend of increasing M/L with increasing mass 
(this trend has also been noted by Evstigneeva et al. 2007 
and Rejkuba et al. 2007). 

In this context it is important to stress that stellar pop- 
ulation models predict an increase of M/Ly ratio with in- 
creasing metallicity, as noted previously in several studies 
(e.g. Ha§egan et al. 2005, Hilker et al. 2007, Evstigneeva 
et al. 2007). Therefore, a possible increase of metallicity 
with mass among the sample of compact objects investi- 
gated will naturally create a trend of M/Ly with mass as 
seen in Fig. [TJ In order to remove such a possible effect 
from the data, we normalise the M/Ly ratio values in 
Fig. [TJ to the same metallicity. The result of this exer- 
cise is shown in Fig.O For normalising, we use the M/L 
predictions as a function of [Fe/H] for a 13 Gyr popula- 
tion from the two model sets of Bruzual & Chariot (2003, 
Chabrier IMF) and Maraston (2005, Kroupa IMF) (see 
also Dabringhausen et al. 2008). To each of the two sets 
of model predictions we fit a function of the form 

(M/L) thco = a + b x exp(c x [Fe/H]) (1) 

The parameters of the fits are shown in Table 1 . For each 
of the two model sets, we then normalise the literature 
M/L values in the following way: 

(M/L) norma i isc d = tt-tjT\ ' — x (^/-^)thco,o , (2) 

(M/ivJtheo 

where (M/L)theo,o is the theoretical prediction for 
[Fe/H]=0, i.e. solar metallicity. 

Some details on the metallicities of the literature data: 
the values for Galactic GCs are direct measurements, 
including isochrone fitting and spectroscopy (McLaugh- 
lin & van der Marel 2005). The [Fe/H] values for the 
CenA sources from Rejkuba et al. (2007) are derived 



from their (V-I) and (B-V) colours. For this we adopted 
the mean [Fe/H] derived from applying the calibration 
relations from Kissler-Patig et al. (1998) for (V-I) and 
from Barmby et al. (2000) for (B-V). The [Fe/H] values 
from Evstigneeva et al. (2007) are derived from their 
measurement of the MgFe Lick line index, applying the 
corresponding calibration relation used in Mieske et al. 
(2007). The [Fe/H] values for the sources from Hasegan 
et al. (2005) are taken from their paper, and are based 
on broad-band colours. For 3 out of 5 Fornax UCDs 
from Hilker et al. (2007), spectroscopic [Fe/H] estimates 
from Mieske et al. (2006) are used. For the 2 remain- 
ing UCDs, [Fe/H] is estimated based upon their (V-I) 
colours using Kissler-Patig et al. (1998). In Table 2 we 
list the adopted [Fe/H], M/L and M/L norm for the com- 
pact objects in CenA, Fornax and Virgo. 

In Fig. [5] we show the normalised M/L ratios, in sep- 
arate plots for the two model sets chosen for normalisa- 
tion. We note that the normalisation to solar metallicity 
is of course an arbitrary choice, but we prefer this par- 
ticular choice in order to have a well defined reference 
that is independent on the actual metallicity of the in- 
vestigated population. In Fig. [21 a change of the normal- 
isation would change nothing but the scale of the y-axis. 
The location of the data with respect to the M/L ratios 
expected from the models is independent on the choice 
of normalisation. 

For both model choices plotted in Fig. [5] it is clear that 
the distribution of mass vs. M/L ratios does exhibit a 
very interesting separation at about 2xl0 6 M Q : sources 
with lower masses have M/L ratios in line with canonical 
stellar populations, whereas sources with higher masses 
have M/L ratios that tend to be above those for canon- 
ical stellar populations. The ratio of the average M/L 
ratio between low- and high-mass sources is 2.3 ± 0.2 
for both choices of normalisation. The occurence of this 
break at 2xl0 6 M© is in line with previous findings of 
breaks in terms of size (Ha§egan et al. 2005, Mieske et al. 
2006) and metallicity (Mieske et al. 2006) at about the 
same mass. It hence strengthens the proposed separation 
between canonical globular clusters and ultra-compact 
dwarf galaxies at this mass (Ha§egan et al. 2005, Mieske 
et al. 2006). Interestingly, the separation mass corre- 
sponds to the mass range where the relaxation time of 
compact stellar systems is comparable to a Hubble time 
(Dabringhausen et al. 2008). 

The high M/L ratios for UCDs can be explained by 
the presence of dark matter, which would have to be at 
very high densities (> 1OM pc -3 within 20 pc). This is 
comparable to central density values expected for cuspy 
dark matter halos (Walker et al. 2007). However, it is 
incompatible with recent claims of cored dark matter ha- 
los with low central densities in dwarf spheroidal galax- 
ies (e.g. Gilmore et al. 2007), which are the most dark 
matter-dominated systems known (see however Metz & 
Kroupa 2007 for an entirely different interpretation). In- 
vestigating the nature of the high M/L ratios in UCDs 
therefore offers important constraints on the phase space 
properties of dark matter particles. 

3. AN EXTREME IMF AS THE REASON FOR HIGH M/L? 

Here, we describe a method to test whether a bot- 
tom heavy stellar initial mass function (IMF) causes the 
high M/Ly ratios of UCDs. Such steep low-mass stel- 
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TABLE 2 

Literature M/L ratios, metallicities [Fe/H], and normalised M/L n orm for compact objects in CenA, Virgo and Fornax 
(Fig.[2J. The M/L ratios are normalised to solar metallicity (see text), using Bruzual & Charlot (2003, col. 4) and 

Maraston (2005, COL. 5). 



Source 


M/L 


[Fe/H] 


(M/L) normj BC 
(M/L)soi = 3.7 


(M/L) norm .M 
(M/L) sol = 4.5 


Environment 


HGHH92-C7 




3.26 


-1.30 




5.75 




5.89 


CenA 1 


HGHH92-C11 




5.42 


-0.46 




7.07 




6.82 


CenA 1 


HHH86-C15=R01-226 


2.28 


-0.75 




3.38 




3.27 


CenA 1 


HGHH92-C17 




3.76 


-1.30 




6.62 




6.77 


CenA 1 


HGHH92-C21 




4.62 


-1.20 




7.92 




7.99 


CenA 1 


HGHH92-C22 




2.99 


-1.20 




5.14 




5.19 


CenA 1 


HGHH92-C23 




1.80 


-1.50 




3.30 




3.46 


CenA 1 


HGHH92-C29 




4.27 


-0.67 




6.12 




5.92 


CenA 1 


HGHH92-C36= 


=R01-113 


2.54 


-1.50 




4.62 




4.83 


CenA 1 


HGHH92-C37= 


=R01-116 


1.66 


-0.95 




2.64 




2.59 


CenA 1 


HHH86-C38=R01-123 


1.68 


-1.20 




2.91 




2.95 


CenA 1 


HGHH92-C41 




2.16 


-0.65 




3.07 




2.97 


CenA 1 


HGHH92-C44 




3.95 


-1.60 




7.33 




7.79 


CenA 1 


HCH99-2 




4.49 


-1.50 




8.15 




8.51 


CenA 1 


HCH99-15 




3.34 


-1.00 




5.45 




5.39 


CenA 1 


HCH99-16 




2.70 


-1.90 




5.25 




5.88 


CenA 1 


HCH99-18 




4.50 


-0.98 




7.23 




7.12 


CenA 1 


HCH99-21 




1.59 


-2.00 




3.10 




3.49 


CenA 1 


R01-223 




2.30 


-1.10 




3.86 




3.86 


CenA 1 


R01-261 




1.01 


-0.98 




1.62 




1.60 


CenA 1 


S314 




2.94 


-0.50 




3.91 




3.77 


Virgo 2 


S417 




5.83 


-0.70 




8.46 




8.19 


Virgo 2 


S490 




4.06 


0.18 




3.58 




3.69 


Virgo 2 


S928 




6.06 


-1.30 




10.7 




11.0 


Virgo 2 


S999 




9.36 


-1.40 




16.7 




17.2 


Virgo 2 


H8005 




2.98 


-1.30 




5.18 




5.27 


Virgo 2 


VUCD1 




4.00 


-0.76 




5.94 




5.76 


Virgo 3 


VUCD3 




5.40 


-0.01 




5.44 




5.43 


Virgo 3 


VUCD4 




3.40 


-1.00 




5.55 




5.50 


Virgo 3 


VUCD5 




3.90 


-0.36 




4.83 




4.68 


Virgo 3 


VUCD6 




2.90 


-1.00 




4.70 




4.65 


Virgo 3 


VUCD7 




4.30 


-0.66 




6.14 




5.94 


Virgo 3 


UCD1 




4.99 


-0.67 




7.17 




6.93 


Fornax 4 


UCD2 




3.15 


-0.90 




4.93 




4.82 


Fornax 


UCD3 




4.13 


-0.52 




5.54 




5.35 


Fornax 4 


UCD4 




4.57 


-0.85 




7.02 




6.85 


Fornax 4 


UCD5 




3.37 


-1.20 




5.80 




5.87 


Fornax 4 



1 Rcjkuba et al. (2007). [Fc/H] from broad-band colours, see text. 

2 Has_egan et al. (2005). [Fe/H] from broad-band colours, see text. 
3 Evstigneevae et al. (2007). [Fe/H] from spectroscopy, see text. 

4 Hilker et al. (2007). [Fe/H] from spectroscopy for UCD1, UCD3, UCD4, from (V-I) for UCD2 and UCD5. 



lar IMFs may result if the radiation field, stellar winds 
and supernova explosions in UCDs were so intense dur- 
ing their formation, that pre-stellar cloud cores were ab- 
lated before they could fully condense to stars (Kroupa & 
Bouvier 2003). By confirming such an overabundance of 
low-mass stars with respect to a canonical IMF (Kroupa 
2001), we would for the very first time have unambiguous 
evidence for a radically different star-formation process 
under extreme physical conditions when UCDs formed. 

By excluding this scenario we would know that the 
high M/Ly ratios are probably due to dark matter. This 



could be in the form of stellar remnants, perhaps as a 
result of a top-heavy IMF in primordial and pristine star 
formation regions (POP III, Jimenez & Haiman 2006, 
Tornatore et al. 2007, Dabringhausen et al. 2008). Al- 
ternatively, it could be due to non-baryonic dark matter, 
which in turn would open new avenues towards studying 
the phase-space properties of dark matter particles (see 
above). We note that tidal heating (Fellhauer & Kroupa 
2006) may increase the measured M/L ratio of individ- 
ual UCDs after a very close passage (d < 500pc) next to 
the host galaxy's center. However, this can certainly not 
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Fig. 2. — This plot shows the same sample of objects from Fig.[T] but here we plot mass vs. the logarithm of M/L ratios normalised to 
solar metallicity. See text for details on the normalisation. The left plot refers to normalisation using the models by Bruzual & Chariot 
(2003), the right plot refers to normalisation with the models of Maraston (2005). The error bar in the top left of each plot indicates the 
average normalisation error assuming a conservative uncertainty of 0.3 dex in [Fe/H]. The horizontal lines indicate the expected M/L ratio 
at solar metallicity for ages of 13, 9, and 5 Gyrs (from top to bottom) in the respective models. For masses > 2 X 10 6 M Q (the realm of 
UCDs), M/L ratios tend to be above the range predicted from the canonical models. 



explain the existence of the general and very clear trend 
of M/L with mass (Fig. [2]). 

3.1. The CO index as a tracer of a bottom-heavy stellar 

IMF 

For diagnosing a bottom heavy IMF, we propose to 
study a portion of the spectrum where the hypothetical 
overabundant population of low-mass (main sequence) 
stars contributes significantly to the integrated spectrum. 
In this region, the shape of the spectral energy distribu- 
tion (SED) emitted by these unevolved dwarf stars must 
be different to that of the evolved giant stars. This is the 
case for the near-infrared wavelength region of the CO 
band (2.3^ < A < 2.42£i, see Fig. EI) - For intermediate to 
high mctallicitics, late type giant stars have a very strong 
CO absorption feature, while late type dwarf stars have 
a much weaker feature (see Figs. [3] and 2]), independent 
of metallicity (e.g. Frogel et al. 1978). At a given metal- 
licity, the strength of the CO absorption feature anti- 
correlates with the fraction of low-mass stars present in 
a stellar population. One thus expects a weaker CO in- 
dex for high M/L ratio sources, if the high M/L ratios 
are caused by low-mass stars. 

Our working hypothesis is that the stellar population 
of a high M/L ratio UCD consists of a canonical part with 
a 'normal' M/L and IMF, plus an additional population 
of low mass stars. Kroupa & Gilmore (1994) present 
a detailed analysis of such a scenario. They quantify 
which luminosity fraction fi ms ,K of the composite overall 
luminosity is contributed by this additional population 
of low-mass stars in the CO wavelength region, which is 
close to the K-band. In the context of this paper this 
fraction can be written in terms of luminosities as 



without additional low-mass stars. In terms of masses 
and M/L ratios we re- write 



Aras.K — 



(M/-Cfc)i ms * M lm3 



< M / L Kli^ s X «ta + («/ l K) UC D,« 1M l x »%cd. 



The term {M/L^xjcd, normal ranges between 1.4 and 
0.66 for [Fe/H] between -2 and dex, assuming a 12 Gyr 
population (Worthey et al. 1994). Introducing the ratio 
• wo get 



Mr 



/lms, K 



(M/L K )^l x r 



(M/L K )^ S x r + (M/L K ) 



(5) 



K )\JCD, normal 



The ratio r 

(M/Lv) UC d-(M/£v-)„ 



/lms.K — 

Obviously, /wk 



L 



lms, K 



Ams,K + -^UCD, normal, K 



(3) 



for a normal stellar population 



be expressed as r = 
( M/Lv)normal • A s (M/L v ) noImai we as- 
sume the mean normalised M/L ratio of compact stellar 
system less massive than 2xl0 6 M0 (see Fig.[T|), which is 
2.75. For example, we get r — 5.1 for the highest M/Ly 
ratio UCD (object S999 with normalised M/L v =17). 
The term (M/Lk)\uis in /ims,K depends on the slope 
a and cutoff mass m cu t in the mass distribution of the 
additional low-mass-star population. From Kroupa & 
Gilmore (1994) we find a range of 4.5 < (M/L K ) lms < 9 
for the parameter space 0.5 < m cut /M < 0.7 and 
< a < 1.5. 

We can now express the CO index as a function of 
/ims,K, and hence as a function of M/Ly, 

CO = (1 — /lms,K) x CO canonica i + /lms,K X COi ms (6) 

From Fig. [3] and Kroupa & Gilmore (1994) we adopt 
CO\ ms — —0.05 mag. The choice of CO can0 nicai requires a 
brief discussion. The CO index of old stellar populations 
with canonical IMF is dominated by giant stars. Since 
the dominant stellar type in the integrated light changes 
towards earlier types for lower metallicitiy, and because 
the CO index anticorrelates with surface temperature, 
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Fig. 3. — These plots illustrate how an overabundance of low-mass stars in an old stellar population can be estimated from spectroscopy 
around the CO band (Kroupa & Gilmore 1994). The feature and continuum band definition of the photometric index is indicated by dotted 
lines at the bottom (Frogel et al. 1978). Left: Shown is a NIR spectrum of a M2II giant star (lower long dashed curve) and a M2V dwarf 
star (upper short dashed curve) from the catalog of Lancon & Rocca-Volmerange (1992), smoothed to 0.04/1 resolution. The CO index 
0.16 mag of the M giant corresponds to the typical CO index of old stellar populations of intermediate metallicity ([Fe/H]~ —0.7 dex, 
e.g. Frogel et al. 1978 and 2001, Goldader et al. 1997, Ivanov et al. 2000). The M dwarf has a much weaker CO feature, representative 
of a population of pure low-mass stars with upper mass cutoff m cu t ~ 0.5 M sun (Kroupa & Gilmore 1994). Under the hypothesis that 
the high M/L ratios of UCDs are caused by an overabundance of unevolved low-mass stars like the M dwarf (Kroupa & Gilmore 1994), 
one would require those stars to contribute a significant fraction to the total UCD mass (3/4 for the highest M/L UCD known), and also 
a certain fraction to the K-band luminosity (see text). Right: The spectrum of the canonical stellar population is shown as in the left 
panel. The solid line now indicates the case of 40% K-band luminosity contribution from an additional population of low-mass stars. This 
luminosity fraction is representative for the case when the additional low- mass stars make up 3/4 of the total mass, at a metallicity of 
about [Fe/H]=— 0.7 dex (see text and Fig. [4}. The dotted lines indicate the 1 a error range of the spectrum, assuming a S/N of 150 per 
0.04/1 resolution element. For calculating the S/N as a function of wavelength, we assumed the sky brightness as given in the Exposure 
Time Calculator for the VLT ISAAC instrument (http://www.eso.org/observing/etc/ ). 



the CO index anticorrelates with integrated metallicity 
(e.g. Frogel et al. 2001). We use the linear calibration 
between [Fe/H] and CO by Frogel et al. (2001) (see also 
Fig. [5]) derived from Galactic globular clusters in order 
to determine CO C anonicai at a given [Fe/H]. 

For each of the compact stellar systems from Fig. ® we 
can now calculate the expected CO index, under the hy- 
pothesis that a M/L ratio offset above the average value 
for Galactic globular clusters is explained by an addi- 
tional population of low-mass stars. For this we assume 
the mean of the CO indices corresponding to the two ex- 
treme values of (M / Lx)\ ms from above. The result of 
this exercise is shown in Fig. 2] In the left panel we plot 
[Fe/H] against the expected CO index. We show both 
the photometric index (Fig. [3J and the spectroscopic one 
(feature band between 2.291 and 2.302/x, see Frogel et al. 
2001 for the exact pass-band definitions), using the well 
defined linear relation between both indices (Frogel et 
al. 2001). We overplot the calibration relation between 
[Fe/H] and CO from Frogel et al. (2001). 

There can be substantial offsets > 0.05 mag due to the 
higher M/L ratios, corresponding to 30% of the equiva- 
lent with of the CO absorption feature. As aid for the eye 
we also indicate in Fig. [3] the offset relation for two dif- 
ferent fractions of additional low-mass stars. The dashed 
curve corresponds to a mass fraction of 55% contributed 
by additional low-mass stars, which is representative of 
the average M/L ratio offset between UCDs and GCs 
in Fig. [TJ The dotted curve indicates a mass fraction of 



75%, corresponding to the most extreme observed UCDs. 
In the right panel of Fig. |4j we plot the expected offset 
from the Frogel et al. [Fc/H]— CO relation vs. mass of 
the compact stellar systems. The largest offsets are ex- 
pected for high masses, given the increase of M/L ratios 
in the UCD regime. 

In the next section we assess the observational de- 
tectability of these offsets. 

3.2. Observability of the change in CO as f (M/L) 

Looking at Fig. [4j there are three minimum require- 
ments for detecting a drop in the CO index in a single 
source due to a high M/L ratio. First, one requires an ac- 
curate calibration between CO and [Fe/H], applicable to 
~0.1 dex precision. Second, one requires an [Fc/H] mea- 
surement of a single source accurate to ~0.1 dex. Third, 
one requires measurement of the CO index to an accu- 
racy of 0.01—0.02 mag, or 5-10% in terms of equivalent 
width. We note that the existing calibration between 
CO and [Fe/H] by Frogel et al. (2001) is performed with 
Galactic GCs, and has a cluster-to-cluster dispersion of 
the order ~0.15 dex. It is reasonable to assume that fu- 
ture calibration attempts including population synthesis 
models (e.g. Brodie et al. 2007) will reach accuracy levels 
down to ^0.10 dex. Still, even with an accurate calibra- 
tion, an offset in a single object measurement may be 
detected with very accurately measured CO and [Fe/H] 
only for the largest expected CO offsets. 

The more efficient way to detect a change in CO are 
relative measurements of statistically significant samples 
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Fe/H [dex] Mass [M,] 

Fig. 4. — Left: Expected CO index for the compact stellar systems shown in Fig. [JJ plotted vs. their [Fe/H] values. The CO indices are 
calculated based on the assumption that an increase in the M/L ratio above the average value found for Galactic GCs (see text) is caused 
by an overabundance of low-mass stars. We plot both the photometric CO index and spectroscopic CO equivalent width, which are linked 
by a well denned linear relation (see text). The solid line indicates the calibration between CO and [Fe/H] from Frogel et al. (2001), using 
Galactic GCs. As an aid for the eye we also indicate the offset with respect to the Frogel et al. relation, assuming two different fractions of 
additional low-mass stars. The dashed curve corresponds to a mass fraction of 55% contributed by additional low-mass stars, representative 
of the average M/L ratio offset between UCDs and GCs in Fig.fT] The dotted curve indicates a mass fraction of 75%, corresponding to the 
most extreme observed UCDs. Right: the expected offset from the Frogel et al. [Fe/H]— CO relation from the left panel is plotted vs. the 
mass of the compact stellar systems. 
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Fig. 5. — Positions of UCDs in Fornax (solid dots) and Virgo 
(asterisks) relative to the central galaxies in either cluster, NGC 
1399 and M87. The FOV of HAWK-I, VISTA/VIRCAM and WF- 
CAM/UKIRT is indicated. 



(>10— 20 objects) covering a broad range in metallicities. 
Sources with M/L ratios consistent with canonical IMFs 
have to be observed in parallel to UCDs with high M/L 
ratios. The aim is to arrive at a comprehensive sam- 
ple of precise measurements of M/L, CO and [Fe/H], ob- 
tained with identical or similar instrument settings. This 
changes the requirements on [Fe/H] from ~0.1 dex accu- 
racy to ^0.1 to 0.2 dex relative precision. This is well 
possible with moderately high S /N optical spectroscopic 
measurements of [Fe/H] (e.g. Mieske et al. 2006), requir- 



ing on-source integration times of a few hours at 6-10m 
class telescopes. To cover a substantial portion of the 
known UCD population, only a few pointings of multi- 
object spectroscopy with moderately large FOV (0.25 to 
0.5 degree) would be required. See a map of all known 
Fornax and Virgo UCDs in Fig. [3J That is, within a few 
nights of observations, the required precision of [Fe/H] 
can be reached for the known UCD population. 

What about the necessary integration time for pre- 
cisely measuring the CO feature depth? In the right 
panel of Fig. [3] we show a smoothed NIR spectrum 
around the CO regions, indicating the ler envelope for a 
S/N=150 per 0.04/i resolution element at 2.2/j,. Integrat- 
ing over the feature and continuum regions, the precision 
of measuring the CO index is about 0.01 mag. To calcu- 
late the integration time needed to achieve this S/N, we 
use the Exposure Time Calculator (ETC) of ISAAC on 
the VLT (Version 3.2.1). We assume V=20.0 mag as ob- 
ject magnitude, which is at the faint end of the observed 
UCD magnitude range in Fornax and Virgo, and thus 
gives an upper limit on the required integration time. 
As input for the ISAAC ETC we adopt (V - K)=2.5 
(Worthey 1994 for a 12 Gyr population of [Fe/H] =-0.7 
dex), hence K=17.5 mag. Assuming a K-band seeing of 
0.7", a slit-width of 1", a black-body curve of 4000K, 
and the low-resolution spectroscopy mode, we require 
~7 hours on-source integration time to achieve S/N=150 
per 0.04/z at 2.2^. As comparison objects with canoni- 
cal M/L ratios, one will want to choose bright objects, 
requiring much shorter integration times. Those could 
be massive GCs in more nearby galaxies, for which M/L 
ratios and metallicities are available (e.g. GCs in NGC 
5128, see Rejkuba et al. 2007). 

The ideal way to measure the CO index for a com- 
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prehensive sample of UCDs certainly is wide-field imag- 
ing with purpose-build narrow-band (NB) filters cover- 
ing the CO feature and continuum, each of width ~0.1 
fj, (Fig. [3]). In Fig. [5] we indicate the projected distri- 
bution of UCDs in the Fornax and Virgo cluster rela- 
tive to the respective central cluster galaxies. For com- 
parison we show the FOV of available IR imagers on 
4-8m class telescopes. This plot shows that most of 
the UCDs in either cluster are contained within one 
WFCAM or VISTA pointing. For the above example 
of a UCD with K=17.5 mag, we can estimate the re- 
quired amount of integration time necessary to achieve 
S/N=100 for a point-source image in the CO continuum 
and feature pa ss-band. For this we u se the VISTA ETC 
dhttp: / /www. ast.cam.ac.uk/ vdfs/etcl) and calculate the 
required time for S/N=I00 with the Ks filter, which is 
centred on 2.15/z with FWHM=0.3/i. For K=17.5 mag, 
the required integration time using this Ks filter is about 
5400 seconds, or 1.5 hours. To convert this into the time 
required for the same S/N with a NB CO filter, two 
things need to be taken into account. First, the CO fea- 
ture bands are 3 times narrower than the Ks filter. Sec- 
ond, the sky brightness in the CO feature band (2.35ju) is 
about 2.5 times higher than at 2.15/1 (see ISAAC ETC). 
Taking these two differences into account, one requires 
on-source integration of 5.6 hours for the CO continuum 
band and 27 hours for the CO feature band. 

4. CONCLUSIONS 

We conclude that measuring the depth of the CO fea- 
ture (2.35/z) in the near-IR SED of old extragalactic sys- 
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terns is a promising tool to constrain the low-mass slope 
of the IMF, provided that precise metallicity estimates 
(~0.15 dex) are available. For the case of UCDs, such 
observations offer an important test as to whether their 
high M/L ratios are caused by very bottom heavy IMFs. 
Given that an alternative explanation for these high M/L 
ratios is dark matter at very high densities, the study of 
the IMF in UCDs will allow important constraints on the 
phase space properties of dark matter particles. 

To demonstrate the feasibility of the method proposed 
here, the first step is to obtain low resolution spec- 
troscopy of the UCDs with largest expected drop in CO, 
and reference sources of comparable metallicity with nor- 
mal M/L ratios. As a next step, wide- field NIR imaging 
with appropriate narrow-band filters will allow to probe 
large representative samples of UCDs within a few nights 
of telescope time. With such observations it will also be 
possible to investigate spatial variations in the IMF in 
early- type giant and dwarf galaxies, provided that spa- 
tially resolved information on their [Fe/H] abundances 
are available from IFU or long-slit spectroscopy. In the 
context of the tidal stripping scenario, an important as- 
pect in that context will be to compare the CO index in 
nuclear regions of dwarf galaxies with those in UCDs. 
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